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Neutrino oscillations

Description of neutrino oscillations (1)

@ Two bases: gauge |vy), a =€, u, tand mass |v;), i =1,2,3

Vi) = Ugi| V) with unitary PMNS 3 x 3 matrix Uy,
@ Neutrino mass matrix is then

Mag = (Va|M|vg) = (UMM U5, where MS™ = m;s;.
@ Free neutrino evolution in time and space

Vi) =e ™iv(0)) = |vi(t.L)) = e~ ERb)|v(0))

in ultrarelativistic case — Hamiltonian

m2
P/:\/m:E—mf/ZE —  |y(L)) =e "7 (0)).
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Neutrino oscillations

Description of neutrino oscillations (II)

@ Neutrino effective Hamiltonian
2 2
Ty M
[Vi(L)) =e"2E5|vj(0)) — Hepr = 2E
@ Transition amplitude of neutrino v, to neutrino 7 is
2

Aloc— B) =Y (vg|vi(L)(vj(0)va) =} (vg M)fi%L(Vj\Va) = Z Uﬁjefi%LUZj
]

J J

@ and the transition probability Am/?,. = mj? —m?

P(va = vp) = [A(a — B)?

:Saﬁ—42Re[UajUBjUa,-Uﬁ,]sm iE L

>0

: sin (27
+22Im[UajUﬁjUa,-Uﬁi]sm fl_ s

j>i
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Neutrino oscillations

Description of neutrino oscillations (lII)

@ Two-neutrino oscillations: transition probability

: o (AP
P(Va = Vp2q) :s|n229-sm2< AE L) :

@ Two-neutrino oscillations: survival probability

Am?
1 ain290.ain2
P(voq — vg) =1—sin“26 -sin ( 1E L>

@ Oscillation length

4nE E eV?
Loso = N e = (25 kM) Gy Amp
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Neutrino oscillations

Neutrino matter effect: asymmetry
Mikheev—Smirnov—Wolfenstein effect Fermi charged currents
2 I L ] Z=-2V2GrVer'eEyve

1 0'9;_ _; only matter, no currents
o 0.8F = _ .
> O F 1 (Bken) =(e"e)=re,
o 0.7:— 3 .
0.65 | 3 ((Bkvigen) = 0.
F 3 _ 1
0.5;— | —; ((exeéy)) = *Zﬁ/ -Ne
0.4;— —; Fermi interaction gives
0'35_ _E Lotr = *\/EGFne\_’eVOVe-
0'25_ _§ i’ 9o — 1Y’ — V2Grne?°,
0'15_ _; effective potential
oE— L R | L L R | 7

10 i%— V., with V =v2Grne
Energy [MeV] _
competes with
— 2
BOREXINO measurements of solar neutrino flux He = Am®/2E
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Neutrino oscillations

Three Generations

of Matter (Fermions) spin %2

Quarks

2.4 MeV 1.27 Gev 171.2 GeVv
u “c [°t
name - up charm top
4.8 MeV 104 MeV
d s
down strange

0.511 MeV

: @

electron

Leptons

105.7 MeV

T H

muon

1.777 GeVv

tau
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mass -
charge -

name -

Quarks

Leptons

Sterile neutrinos

Three Generations

of Matter (Fermions) spin ¥2

2.4 MeV 1.27 GeV 171.2 GeV
“u I"c °t
up charm top
4.8 MeV 104 MeV 4.2 GeV
*d s |I”b
down strange bottom
<0.0001 eV /~10 ke ~0.01eV / ~GeV ~0.04 eV / ~GeV
o)/ o)) o))
(v T
tau i
electrpn sterile | | MY sterile ing Sterile
neutrino neutring | MU0 Retitring MUN? neutrino
0.511 MeV 105.7 MeV 1.777 GeV
e | pn T
electron muon tau
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Sterile neutrinos

Seesaw mechanism: My > 1eV

With maqive < 1€V we work in the seesaw (type |) regime:
Zn=NipN — fLeHN — @NCNjL h.c.

Higgs gains (H) = v/+/2 and then

”//—1(V N°) 0 V35 (%) e
N72 e f MN N s

V2
For a hierarchy My > MP = v% we have
flavor state ve = Uvy+6 N with U~ 1 and
active-sterile mixing: 6= M—D = V—f<< 1
9: My " 2My

and mass eigenvalues

~My and  — Mgetive = 6% My << My
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Sterile neutrinos

Seesaw mechanism: My > 1eV

With mive < 1€V we work in the seesaw (type ) regime:

My
fN NIIﬂN/ a/L HN/—TNIN/-FhC

When Higgs gains (H) = v/v/2 we get in neutrino sector

1/ —c 0 V% T
WNZE(V1,,_,N1,,,) e V2 (v Ny )T he,
V\@ MN

Then for My > MP = v % we find the eigenvalues:

~ My and MY =—(MP)T w2V <<<MN
MN MN
Mixings: flavor state vy = Uy;vi+ 6,/ N,
active-active mixing: UMY U = diag (my ,my, ms)
MDY
active-sterile mixing: 6y = (TI"" o fTMLN<< 1
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Sterile neutrinos

Sterile neutrino: a vast region of mass

Within the seesaw paradigm, as far as

2,2
mg ~ fi‘;MN ~ 92MN
MN

Any set
(mass scale My, Yukawa coupling f)
is viable

And with special tunning or symmetry larger (but not smaller) mixing
is viable

My ~ ?TAL? a
My
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Sterile neutrinos

Sterile neutrino lagrangian

Most general renormalizable with 2(3. . .) right-handed neutrinos N,

_ _ o~ My —
I =NjidN;— fo Lo FIN; — TN’NfN,nL h.c.

Parameters to be determined from experiments

9(7): active neutrino sector 11: N = 2 sterile neutrinos . )
) ks if —0ll 18: N = 3 sterile neutrinos:

2 Am,?j: oscillation (works if my =0 I1!) )

~ experiments 2: Majorana masses My, :135 N ewM\iﬁ;?/\?: gﬁsﬁisslv?v’
3 0 oscillation experiments 9: New Yukawa couplings f,, ’ E hgf ol
1 CP-phase: osclillation which form 3. Dirac masses \,I\V/,[;Cf fcz;_rl'r;

_ experiments  2: Dirac masses M2 = f(H) 343 mixing anales

2(1) Majorana phases:  Ovee,  341: mixing angles 3+3j CP-violatin 9 he?ses

, , OV!_W 2+1: CP-violating phases ’ gp
1(0) my: H—°He+ e+ Ve, . 9 new parameters in total

cosmology, . ... 4 new parameters in total

Profit: can suggest why neutrinos are so light, m, ~ 0.1 —0.01 eV
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Sterile neutrino as Dark Matter
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Sterile neutrino as Dark Matter

Sterile neutrino: well-motivated keV-mass Dark Matter

@ massive fermions giving mass to active neutrino through mixing (seesaw)
f2 2
ma N7‘;,\/IN ~ OZMN
My
@ unstable, N —=vvv is always open
but exceeding the age of the Universe if
(applicable for My < My)

5
92<1.5x10*7(5a;§v)

@ with seesaw constraint  m, ~ 62M)y

gy ~ 1/ (GEMR62y) ~ 1/ (GEMymy ) ~ 10" yr (10keV/My)*
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Sterile neutrino as Dark Matter

Sterile neutrino: indirect searches

f2y2

My~ —s My ~ 02M,
a MI%I N N

@ unstable, but exceeding the age of the Universe if
62 _ (10keV 5
3x10-3 My

@ DM sterile neutrinos can be searched at X-ray telescopes because of two-body
radiative decay give limits in absence of the feature

anarrow line  (8Ey/Ey~v ~1073)
at photon frequency Ey = Mp/2

6% _ (10keV 4
10-11 ~ " My
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Sterile neutrino as Dark Matter

.. 3 years ago: Dark Matter decay observed in X-ray?

810_7?\ B ovdrproductich T —
S 1078 i? Excluded by X-ray observat!.onu
g 1070 -3 -
LI 3
1w Eg -3
S0t .
3 E g 3
212 8 ]
EAL 3 1
= 10712 Ly ]
. 1 2 5 10 50
10 No line at 3.5 kev —8— Dark matter mass My, [keV]
8107 |- Line at 3.5 kev -]
I e % 1 T T - -
£5 a0 { ; % % } 4 Astro-H SXS
2 -3 o 9 Perseus, 1 Msec
-H | L ¢yl R 2l KT =6.5 keV, 06 solar |
° -2107 || ; ol l I 1 I - 2 z=0.0178
_a107 s | s | s | N | s v(baryons) = 300 km/s
> .
3.0 3.2 3.4 3.6 3.8 4.0 e v(line) = 1300 km/s
Energy [keV] T
. . e
Stacking signals from many 2z
; ; x o CaXIX E
galaxies, especially Perseus 22w |
cluster, then Andromeda AV
1402.2301, 1402.4119 3.55 keV Line
5 . . . .
%3 3.2 3.4 36 38

Energy (keV)
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Sterile neutrino as Dark Matter

Sterile neutrino production in the early Universe

@ before the EW transition, T > Tgw
rH%VaN f\g T

@ after the EW transition, T > Tgy
@ r.h. neutrino production in scatterings

M2
vi+X—>Ngr+Y, rMng

@ sterile neutrino production in oscillations
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Sterile neutrino as Dark Matter

Production in oscillations (DW & ShF)

d d
3 fs(t,p) — Hp%fs(t,p) =Ta P(Va = Vs) fu(t,p).

o ~ GZT*E is the weak interaction rate in plasma

P (vg — vs) = sin? 261 sin? ( t ) ,

2¢fpat
tvac
t&nat — a )
\/sin2 204 + (C0S264— Vi - 143¢)2
. z‘mat ) 2F
sin2nat — ﬁ/ac -8iN20y, o= 3
o N

and effective plasma potential for active neutrinos
Voo ~ —#GETE+#Gp T2,

non-resonant and resonant production in the lepton asymmetric plasma
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Sterile neutrino as Dark Matter ak

DM from oscillations

case 1

-16 | ! Lol 1
10
10° 10" 10

M1 / keV
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Sxs
nZz-

Sterile neutrino as Dark Matter

. present SearCheS 1609.00667, 1706.03118

@ upper limits on
mixing: from X-ray
searches

@ lower limits on mass:
from structure
formation with py ~ T,
DM free streaming

10710

10-11

INTEGRAL MW

toofastat T=1eV

10-14

— NuSTAR GC (2016) |

-- SDSS (10 bing)
— SDSS{12 bins) Qpar < 0.26

101 - SDSS+XQHR
~

m, [ keV ] ke
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DM sterile neutrino coupled to scalar

Outline

e DM sterile neutrino coupled to scalar
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DM sterile neutrino coupled to scalar

Closing sterile neutrino DM?

In a minimal variant, may be...
But situation changes with just 1 new d.o.f.

@ reopening large mixings with Qp N\,

to avoid X-ray bounds:

2 Oy
oy
“'Qpu

@ reopening of small masses with v\, e.g. cold sterile neutrino

2
GX—ray =0

production not from the SM plasma particles
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DM sterile neutrino coupled to scalar

Higher mixing: Suppression of production

tmat
), sin20Ma — & __ .sin2¢,,

~ pvac
to

— ain2ogmat o2
P(vq — vs) =sin“26,' -sin (QtQ“at

tmat _ t[lxlac pac _ oF
o« = , = —
\/sin229a+(cos29a7vm - gyac)2 M

Most efficient production occurs at

1keV)‘/3

Trmax ~ 133MeV < e

It is suppressed if Trop < Tmax

G.Gelmini, S.Palomares-Ruiz, S.Pascoli (2004)
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DM sterile neutrino coupled to scalar

Suppression of cosmological production

mat
P (vg — vs) = sin® 261 . sin? ( ) ., sin2gMat — la -8iN26,,

2¢mat e

tmat _ t&/ac vac _ E

¢ 22 vac 27 o M2

Sin“ 20y + (€05264 — Vo - L, N
Add more ingredients e.g. Scalar? Majoron?
NLH + MyN? — NLH + ¢ N? (lepton symmetry)

@ strong coupling to scalar or Majoron, which decreases the

active-sterile mixing in primordial plasma ¢.g. L.Bento, Z.Berezhiani (2001)
@ varying sterile neutrino mass in cosmology, which suppresses the
early-time oscillations FBezrukov, A.Chudaykin, D.G. (2017)

» sterile neutrinos superheavy in the early Universe
» sterile neutrinos massless in the early Universe
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DM sterile neutrino coupled to scalar

Massless in the early Universe

1 oo
£ = §Q“V9u¢3u¢ —V(¢p)+ E<;>N°N+ h.c.

And may be more scalar fields in the hidden sector. . .to make the phase transition:

T>Tgit = (9)=0, My=0
T<Typ = (9)=vy, Mny=1v

So the neutrino is pure Dirac fermion at the beginning. ..

The production in oscillations will be suppressed, if

1/3
Torit < Trax ~ 133MeV (1 kev)

My

there is always contribution from left-right mixing, e M3/E?
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DM sterile neutrino coupled to scalar

Results for details see 1705.02184

Qx/Qpar T.,MeV
10-1 100 107! 500
t I
10-2 ; ‘ 1072 — )
S =SS 10! i = 102
09 10-3 E2EREE AT
— & T A
10! - 102 w0 : == =
= 100 =S| < 107 1= 10
&) = o =
2100 ’ 109 100 =
g ;
1077 10-7E4 1
10 4 <
107% 10-8 =
109 10-5 109 = 107!
1T
10-10 10-10 I
100 10! 107 107
M, keV M, keV
Important: ma ~ 62Mpy

@ seesaw light sterile neutrino (dashed lines)
@ can be directly tested !! (green and white lines)
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DM sterile neutrino coupled to scalar

Direct searches for m,: cut in e-spectrum

5 _
T— "He +e+Ve  |NRRAS, 1990-2000 years:  my, < 2eV
(pnn) — (ppn) + e+ Ve : ;

18555 18560 18565 18570 eV

the same technique for sterile neutrinos
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DM sterile neutrino coupled to scalar

Direct searches are deep inside the forbidden region

10° ¢ ‘
. Galeazzi 2001
: . \
Y .
\‘ \ "\
AN o

T SN oo

E \ \ Mainz2013  *, '\ hiddemann 1995

P r ‘N 7 . .
N O S \ =N\ .
- L . \
\ NN
\l

10‘2 E N\

F N \

Troitsk 2013 .
\
This work S
-3 R ol R | R
10
0.01 0.1 1 10

my (keV) 1703.10779
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DM sterile neutrino coupled to scalar

Results for details see 1705.02184

Qn/Qpum : .. MeV
107! 10° 107 500
t I
102 T I 10- e
= 10! ' = 107
10-3 10-% X
— 5 S =
10-1 e 10-2 10 3= =
= - . = 10
g 107 — s 107
"= 100 . 109 100 B
z
1077 10-7E4 1
10! .
10-¢ 1078 =
109 10-5 10 = 107!
T
10-10 10-10 0T
10° 10! 10° 10"
M, keV M, keV
Important:

@ seesaw light sterile neutrino (dashed lines for my = 0.2eV and m, = 0.009 eV)
@ can be directly tested !! (green and white lines)
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DM sterile neutrino coupled to scalar

Sterile neutrinos: a part of dark matter 170103128

10° i 0.0F 7 " " " '
10*
57103 ~ —1.5¢
> 10° f
5 t =30}
< 10 0
2 0 -
[a W 10%— ACDM —4.5F
1071 =
102 i 1 SDSSDR1 \‘ 6.0
0= 107% 1072 1070 10" 10 10? )
RNV logg Mucam/eV
10° T T T T
I . ¥
107! _ 3 E ii 4
1072 ;l 4 :
o v =
¥ E =
A =
107 PRR 1 =
IR S
107 f g E
0 1(;)"-’1[;’'l()l""l()l’21()l’l 1(‘)” 1[‘]' 1("2 1(‘]" l(l)' 10° . 9
S 10) 1010 1011 1011
Mpcdm [(‘/V] A[[ll[/h]
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DM sterile neutrino coupled to scalar

Production not by the mixing: at a very early stage

Dark Matter prOdUCtion Not seesaw neutrino!
from inflaton decays in plasma at T ~ my M.Shaposhnikov, I.Tkachev (2006)

MyNEN < fXNEN

“moderately” Warm (250MeV < my < 1.8GeV) FBezrukov, D.G. (2009)

M1§15x(305”7|\);|w) keV

or classical inflaton oscillations. .. Not seesaw neutrino!
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DM sterile neutrino coupled to scalar

Back to oscillations: superheavy at early times

—g“"&mauq) m¢¢ +5 ¢N°N+hc
homogeneous scalar field in FLRW expandlng Unlverse
¢+3H¢+m59 =0
two-stage evolution:
my < H(t) == ¢ = ¢; =const
my > H(t) = p=(E)—(Ep)=0, p~mi¢?eci/a’

@ At my < H(t) sterile neutrino mass is M = My +f¢; > My

@ At present sterile neutrino mass is My ~ 1 keV

. . 2
@ If at my > H(t) sterile neutrinos are nonrelativistic, my = Hosc = X;,’fc
Pl

73
M(t) = My + f(}), >T

OSC
production never happens any mixing is allowed only direct searches matter
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DM sterile neutrino coupled to scalar

T T YT T VAW T T T T T T T T T

O X-ray for (3.17)
in case of
Qn=Qpwm/2,
€4=1/2,

f, mg from
the boundary
of (3.18).

X-ray
——— f=107%, my=10"2 eV
—— =103, my=10"? eV

————— Seesaw values
for active neutrino
masses 0.008 eV

=12c, . A and 0.2 eV
-0.5 0.0 0.5 1.0 F.Bezrukov, A.Chudaykin, D.G.
Loglo[M’ kevl (17xX.XXXXX)
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DM sterile neutrino coupled to scalar

Cold sterile neutrinos: by oscillating scalar field

sterile neutrino mass

3
M(t) = My +fo(t) = My + f¢iTTT cos(myt)

osc

sometimes crosses zero, which allows for sterile neutrino production
even by a 'slow’ oscillator My > my

the produced sterile neutrinos are almost at rest
Cold Dark Matter
avoiding limits from structure formation on light sterile neutrinos
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DM sterile neutrino coupled to scalar

Subtleties with Effective neutrino mass

My A

My

i

|
|
|
|
|
|
|
|
|
|
|
|
|
: —
My/3 T
— Both Losc and 6,4 changes with M(t)
— Py > pn, SO the scalar is DM. If it decays efficiently, must
account for the backreaction

or can take 1¢* instead
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DM sterile neutrino coupled to scalar

Work in progress: case of scalar DM

Logiol7oscl. GeVv

X—ray for (4.56)
m Decaysto v, (4.5)
B QN 1(Tosc), cases A and C
Qn.1(T1), cases A and C
m Qun 3, case D

Logy

Log,olml. ev
Logiol7oscl. GeVv

m Qn1(T1), case B when A<
at the moment T=min{T s,

B Q. .1(T,1), case B when A==
atthe moment T=min{Tgs,
and T,.<Tg

Logy

m QO 2(T1'), case B when A=
at the moment T=min{T s,
and T,>T3

Mp,i/3B<Tosc

Mpni/B<Tew
M/3<Tc<min{Tosc ’TEW}

Log,olml. ev
LogiolToscl. G
-5 —a4 -3 -2 -1 o a1

v <

Logyl

0ooao

A>=>1 at the moment

T=mMinN{T ac~. T}
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DM sterile neutrino coupled to scalar

Summary and Outlook

@ At moderate mixing DM production can be suppressed

@ At small abundance (Q2y < Qpyy) direct searches can supersede those of X-ray
satellites

@ Direct tests of the seesaw prediction (Troitsk, KATRINE) become justified

@ Sterile neutrinos can be indeed responsible for neutrino oscillations via seesaw
mechanism and form a noticable fraction, ~ 10% of Dark Matter

@ Small masses generically are forbidden due to free-streaming

@ However, it is possible to make sterile neutrino DM in Superheavy case, where
they are supercool, and form CDM

@ Sterile neutrinos in SN explosion: many controversal results in literature even
w/o hidden sector, but might compete with direct searches
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Limits form SN

Energy
102k \ transfer
§ [
> L
< |
g
10+ 5
1 12 1 6 4 2
1072 1071° 10 107® 10 1072 1
Sin2 (2 0) Sterile Neutrino Mass (keV)
1102.5124

1603.05503
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A sketch of model parameter space

sin? 20X ray

0,1: allowed even
w/o scalar field

2: scalar helps to

. 4 avoid X-ray bound
= and make
Qn = Qpu, but

sin?(

free-streaming...

0 \ 3,4; QN is

3 determined by
X-ray bound

M, keV
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DM from

Num, A=0.001
Appr
Num, A=0.01

0.0008

0.0006

0.0004

0.0002

25

Dmitry Gorbunov (INR)

60

0.1

Heavy scalar (Majoron?) decay

F.Bezrukov, D.G., 2014

0.001

0.010

tH(T = M/3) =

0.100 1 10

1
18

> =

Scalar field impact on DM sterile neutrino
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Decoupling of relativistic Dark Matter

Assumptions
@ DM particles are in equilibrium in plasma
© DM decouple from plasma at temperature Ty > My,

so they are relativistic (e.g. neutrino)
Y
€(3) 13
nx(Te)=9x-(5) =5 T3
Later on (“) m useful
n
nxa® =const, sa® = const — ?X = const = # “C(]); ]
(T

DM particle mass My fixes Qx:

My -nxo My -89 n My 9x 100
Q = — = — 2 _ | =] .
X Do pe s 92X 700V ( 2 ) 9.(T)

— NO heavy stable feebly coupled to SM particles !
— NO realistic DM models:

Pauli blocking prevents fermionic DM

p a, 3T (g.(D\'? i i
/\T); o< o~ e (g*(Td)) too energetic for the proper structure formation
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Sterile neutrino spectra from resonant production
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Scalar field impact on DM sterile neutrino
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Sterile neutrino Dark Matter
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